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Executive Summary
The World Bank's new Environment Strategy focuses on environmental programs that will improve the well-being of poor people in developing countries. The strategy advocates cost-effective reduction of air and water pollutants that are most harmful to human health. In addition, it addresses threats to the livelihood of over one billion people who live on fragile lands (i.e., lands that are steeply sloped, arid, or covered by natural forests).
The new approach will require accurate information about environmental threats to health and livelihood, as well as an appropriate resource-allocation strategy. Drawing on recent research at the World Bank and elsewhere, this paper attempts to contribute in three ways. First, we develop a rule for optimal cross-country resource allocation that reflects the Bank's investment policy. Using this rule, we estimate optimal country shares of Bank environmental investments from two sets of variables: threats from outdoor air pollution, water pollution and fragile lands; and estimates of the likelihood that Bank projects will succeed. We combine the country shares with Bank investment data to estimate optimal country allocations. Finally, we aggregate our country results to allocations for the major regions in which the Bank operates.
We find that the largest share of total optimal investment goes to East Asia (44%), followed by South Asia (21%) and . Other regions get significantly lower shares (respectively 6%, 5% and 5% for Latin America and the Caribbean, Eastern Europe and Central Asia, and North Africa and the Middle East). Within sectors, optimal investment patterns vary significantly. Sub-Saharan Africa gets a large allocation for safe water (34%), exceeded only by East Asia (38%), while South Asia gets 15%. Africa's allocation for cleaner air is strikingly lower (6%), in the same range as the lowest-investment regions, while East Asia (largely China) commands 50% and South Asia 24%. The allocation for natural resource management is close to the overall allocation, with East Asia receiving 44%, South Asia 24%, Sub-Saharan Africa 15%, and the other regions much lower shares.
It would be lucky indeed if the Bank's current investment allocation matched the optimal allocation, for several reasons: The Bank is pursuing a new strategy; we have just developed appropriate environmental threat indices; new measures of project success likelihood have just become available; and the Bank's Environment Department has recently completed its first comprehensive accounting of the Bank's environment portfolio. In a subsequent paper, we will compare our results with the Bank's current portfolio, and explore the implications for resource allocation. Future work may also extend the optimal investment approach to indoor air pollution and biodiversity conservation.
We recognize that the optimal investment approach cannot capture the full complexity of environmental decision-making in the Bank, and we do not claim that our results will provide a comprehensive blueprint for adjustment. Nevertheless we hope that they will make a useful contribution to the discussion of new environmental priorities.
Introduction
The World Bank's commitment to the Millennium Development Goals and its renewed focus on poverty alleviation have had significant impacts on its environment strategy. The new strategy focuses particularly on programs for pollution control and resource conservation that will improve the health and livelihood of the poor in developing countries. Among air pollutants, the scientific consensus attributes most health damage to fine particulate matter (diameter 2.5 microns or less) produced by indoor and outdoor combustion (Holgate, et al., 1999) . Among water pollutants, the consensus attributes most health damage to waterbome pathogens (WRI, 1999) . Recent research has also identified the vulnerability of people on fragile lands (i.e., land that is steeply-sloped, arid, or covered by natural forest) as a major determinant of rural poverty and natural resource degradation in developing countries (WDR, 2003) .
The attribution of so much damage to so few sources may have important strategic implications for the Bank's environmental portfolio. In this paper, we explore the implications by narrowing the focus of decision-making to three critical problems: outdoor fine-particulate air pollution', waterborne pathogens, and the vulnerability of poor people on fragile lands. We develop the analysis in several stages. First, we derive a resource-allocation rule from budget-constrained maximization of an objective function that reflects the Bank's approach to investment. In our results, optimal country investment shares depend on both the scale of environmental problems and the probability of project success.
' Indoor fine-particulate air pollution is clearly a major problem as well, but cross-country estimates of its severity and impact are not yet available. Current research at the World Bank is addressing this problem.
Second, we develop indices of environmental threats. For air pollution, our measure of problem scale is attributable daly's (disability-adjusted life-year losses from health damage). Our estimates come from recent collaborative research by the World Bank and the World Health Organization (Pandey, et al., 2003) . For water pollution, our measure of problem scale is preventable deaths from unsafe water and poor sanitation.
The country estimates have been produced by recent research at the World Bank (Wang, et al., 2003) . Quantitative studies of poverty-environment links on fragile lands are less advanced, but policymakers and researchers agree that people are particularly vulnerable in such areas. For this reason, our measure of problem scale is the total rural population living on fragile lands. To estimate the affected population, we apply GIS (Geographic Information Systems) techniques to spatial overlays of demographic, topographical, climatic and natural resource information.
Third, we develop country estimates of project success probability. Our information source is a database of over 3,000 project outcome ratings maintained by the Bank's Operations Evaluation Department (OED). For each country, we use the proportion of projects judged satisfactory by OED as an estimate of success probability.
We use our environmental threat measures and success probabilities to compute optimal country investment shares on two bases: Problem scale unadjusted for project success probability, and problem scale adjusted by the OED ratings. To obtain country allocations, we multiply the investment shares by the Environment Department's most recent estimates of total investments for pollution control and natural resource conservation since 1990. We obtain overall optimal allocations by summing the optimal allocations for reducing air pollution, water pollution, and threats to fragile lands.
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The remainder of the paper is organized as follows. We develop the conceptual model and implied allocation rule in Section 2. In Sections 3 and 4, we introduce the measures of problem scale and success probability that are needed to implement the model. Section 5 presents our results at the country and regional levels, while Section 6 summarizes the paper.
Optimal Allocation of Environmental Investments
We model the welfare impact of World Bank investments as a function of their levels and distributions across countries. Inevitably, the Bank must strike a balance between country representation and global welfare maximization in its resource allocation decisions. We cannot realistically characterize its objective function as linear (infinite elasticity of substitution across countries), because sole allocation to one country is infeasible, whatever the relative scale of its problems. Some representation for many countries is implied by the Bank's charter. At the same time, the Bank's objective function is not purely fixed-coefficient (zero elasticity of substitution across countries), because nothing forces it to maintain cross-country parity in per-capita allocation. This is a good thing for the Bank's environment program, since the distribution of environmental problems across countries does not necessarily reflect the distribution of population.
We adopt an intermediate assumption: that the Bank's objective function is characterized by unit-elastic substitution across countries. A unit-elastic (Cobb-Douglas) welfare function permits tailoring of programs to a country's circumstances, while encouraging portfolio diversification through the operation of diminishing returns.
Expected welfare gains from Bank investments are related to both the scale of a country's environmental problems and the probability that projects will be successful under local 4 conditions. The Bank assigns the same opportunity values to human life, health and natural resource savings in all of its partner countries.
For each area of concern (outdoor air pollution, water pollution, fragile lands), we specify the Bank's objective function for damage abatement as:
where Ai = Environmental damage abatement in country i cod = Poverty weight assigned to country i
For each country, we specify the relevant damage abatement function as:
where Bi = Scale of Bank activity in country i Di = Scale of damage in country i pi = Probability of project success in country i Equation (2) incorporates scale economies: The abatement productivity of Bank activity rises with the scale of existing environmental damage. However, productivity is also sensitive to local conditions that affect project success. To capture this effect, we multiply the base output elasticity of Bank activity (a,Di) by pi.
For the sector (or problem area) in question, the Bank faces a fixed budget constraint and differential unit costs of operating in different countries: 2
where c; = Unit cost of Bank activity in country i IT = Total sectoral budget Substitution from (2) into (1) yields the following welfare function:
Maximization of W subject to the overall budget constraint yields the following ratio of optimal Bank allocations to countries i and j:
Since co is a poverty weight, we can specify it as a function of income per capita:
We also allow for the possibility that project success probability is itself a function of the level of development. For the model, we use per capita income as a proxy:
Substituting (6) and (7) into (5), we obtain:
For country i, we obtain two formulations of the optimal budget share from (5) and (8):
In (5'), the country's budget share is equal to the product of its poverty weight (o,i), environmental damage (Di), and project success probability (pi), divided by the sum of products for all of the Bank's partner countries. In (8'), the budget share is equal to the 6 product of environmental damage and the appropriate exponential of per-capita income, divided by the sum of products for all partner countries.
Equations (5') and (8') lend themselves to a variety of uses and interpretations, For example, (5') can be applied to the Bank's loan portfolio, in which case si* is each country's optimal investment share. It can also be applied to the Bank's policy dialogue and technical assistance activities, in which case si* is each country's annual budget share; Bi* is a relevant measure of Bank activity (staff time, etc.), and ci is a countryspecific cost index. Poverty weights ((oi) can be assigned explicitly, or simply assumed to be the same across countries (implying that the Bank assigns equal value at the margin to damage abatement in any country, ceteris paribus).
In equation (8'), the optimal country share depends on environmental damage (Di) and income per capita (yj). If the income elasticities of the poverty weight (0) and project success probability (o1) are equal in absolute value (while opposite in sign), then the optimal budget share in (8') is simply the country's share of total environmental damage.
Measures of Environmental Problems (DI)

Health Damage from Water Pollution
Our estimates of health damage from water pollution are based on recent econometric work by Wang, et al. (2003) . This approach models health outcomes (measured by the under-five mortality rate) as a function of income; social and environmental variables (female education, immunization coverage, and access to safe water); and policy variables (e.g., share of public health expenditure to GDP). To project lives lost, the econometric estimates are combined with country-level demographic data and estimates of the proportion of the population without access to safe water. For countries where access data are not available, the model uses the population-weighted average level of access for the income groups to which the countries belong. Figure 1 displays the results, which suggest that the greatest number of preventable deaths are in Sub-Saharan Africa, South Asia and East Asia. Countries with relatively low incidence of this problem include Russia and several East European states.
Health Damage From Outdoor Air Pollution
We attribute health damage from outdoor air pollution to atmospheric contamination by fine particulates. Over time, health research has narrowed its focus from total suspended particulate matter (SPM) to small particles less than 10 microns in diameter (PMIo) and, most recently, to particles whose diameters are less than 2.5 microns (PM 2 . 5 ). Small particles are likely to be more dangerous because they can be inhaled deeply into the lungs, and because their constituent elements tend to be more chemically active (WHO, 2000; WRI, 1999; Holgate, 1999) . At present, atmospheric monitoring in developing countries is limited to SPM and PM 10 .
Our health damage estimates come from a recent collaborative project with WHO, which is described in Pandey, et al. (2003) . Using an econometrically-estimated model of particulate pollution, we project ambient PM 1 O concentrations for 3,226 cities. We use recently-estimated "dose-response" relations to compute the associated mortality and morbidity probabilities by age-sex group for each city; multiply these probabilities by numbers of people in each group; convert the results to daly's, and sum across cities, groups and damage categories in each country to obtain our estimates of total health damage. Figure 2 displays our estimates of total daly losses by country. Health damage 8 is heaviest in the populous countries of South and East Asia and a few African countries.
All regions display a broad pattern of variation.
Vulnerable Populations on Fragile Lands
The Bank's World Development Report 2003 has identified the vulnerability of human populations on fragile lands as a critical poverty-environment problem.
Approximately 1.4 billion people live on fragile lands that are steeply-sloped, arid, or forested, and many of these people are very poor (WDR, 2003) . Research on povertyenvironment links in this context is not highly developed, but policymakers and researchers generally agree that people on fragile lands bear a high risk of natural resource degradation and impoverishment. For this study, we highlight the overall problem by computing total population on fragile lands using GIS techniques. Figure 3 displays the results, which indicate a particularly heavy incidence of this problem in East and South Asia. With some visible exceptions, vulnerable populations are generally smaller in Eastern Europe, Sub-Saharan Africa, and Latin America.
A Measure of Project Success Probability (pi)
A country's optimal environmental investment share depends on the probability that a project or program will succeed, as well as the scale of its environmental problems. To estimate country success probabilities, we have drawn on a large database maintained by the World Bank's Operations Evaluation Department (OED). Since 1990, OED has rated the outcomes of over 3,000 World Bank projects in 146 countries. OED rates projects in eight categories: Highly satisfactory, satisfactory, moderately satisfactory, marginally satisfactory, marginally unsatisfactory, moderately unsatisfactory, unsatisfactory, and highly unsatisfactory. We interpret the first four ratings as "successful" for our probability calculation. Of 3,075 projects rated by OED since 1990, about 70% have achieved one of the four satisfactory ratings;3 Figure 4 and Table 4 .1 display our estimates of project success probability.
Although the estimated probabilities are generally highest in Eastern Europe/Central Asia and lowest in Sub-Saharan Africa, countries in all Bank regions except South Asia exhibit a very wide range of variation. Country estimates are presented in Appendix 
Optimal Environmental Investment by Country
We develop two estimates of optimal investment for each environmental problem.
In the first (case 1), optimal country investment shares are based entirely on our measures of environmental problems (Di for outdoor air pollution, water pollution, and vulnerable populations on fragile lands). In equation (5'), this is equivalent to assuming that pollution abatement in all countries is given equal weight by the Bank (constant co; across countries) and future projects have the same probability of success in all countries. For convenience we assume that this probability is 1, but any constant probability will yield the same result. In equation (8'), case 1 is equivalent to assuming that the income elasticities of country poverty weights and project success probabilities are equal in magnitude but opposite in sign. This amounts to assuming that institutional and administrative difficulties in poorer countries are counterbalanced by higher weights assigned to abatement, so that only damage matters in the allocation of resources.
The second approach (case 2) uses more information, by incorporating our OEDbased estimate of success probability as the measure of pi in equation (5'). For this case, we assume that the Bank assigns equal weight to damage abatement in all partner countries (i.e. all income weights co, are the same).
Recently, the World Bank's Environment Department has completed a detailed accounting of the Bank's environmental projects by sector. We have used this information to estimate current Bank investments by country for air pollution control, improved water and sanitation, and natural resource management. Using our estimated optimal shares, we have distributed total Bank investments in the three problem categories across all developing countries.
Since Figures 1, 2 and 3 represent quintile ranges for the environmental problem measures across countries, they also display the relative size of optimal investment shares for case I (optimal shares equal to shares of environmental problems). Figures 5, 6 and 7 provide the same information by problem for case 2. Figure 8 displays the results when we sum across the three environment sectors to obtain estimates of total optimal environmental investment in case 2. Full results for both cases are reported in Appendix A.
In general, our results suggest that investment orders of magnitude and country rankings are not highly sensitive to our assumptions about pi. For pi = OED (the OED success rate), cross-regional variation is considerably greater than within-region variation. The consequence is general similarity in optimal investment rankings and relative magnitudes for p 1 =1 4 and pi = OED. The greatest water and sanitation investments are concentrated in Sub-Saharan Africa, South Asia and East Asia. For air pollution reduction, the greatest investments are in South Asia and China. The pattern for natural resource management is more diverse, with some large country investments indicated for all regions except Eastern Europe and Central Asia.
Differences in OED success probabilities are, however, reflected in some patterns of cross-regional allocation. Many African countries, for example, get substantially higher allocations when policy doesn't matter (pi = 1),5 since there is no countervailing weight for poverty in case 2. In contrast, China's allocation is significantly higher when pi = OED. 
Summary and Conclusions
In this paper, we use several new datasets and a model of World Bank decisionmaking to estimate optimal. environmental investments for the Bank across countries and regions. We focus on three environmental problems that have been identified as critical for poor people in developing countries: health damage from outdoor particulate air pollution; health damage from waterbome pathogens; and vulnerability of rural populations on fragile lands.
We base our optimization exercise on a welfare function that makes three basic assumptions about the Bank's decision environment: the desirability of some representation for all partner countries; the importance of relative enviromnental damage across countries; and equal valuation of damage abatement across countries. In the first exercise (case 1), countries' optimal investment shares are simply their shares of total environmental damage. In case 2, we maintain equal valuation of abatement across countries but drop the assumption that all countries have equal likelihood of project success. We estimate country success probabilities from thousands of actual cases reviewed by OED. In case 2, each country's optimal share of total investment is determined by the product of its environmental damage and project success probability. Our overall results are summarized by region in Table 6 .1. We provide a detailed presentation of our country data and results in Appendix A. We find that the largest share of total optimal investment goes to East Asia (44%), followed by South Asia (21%)
and Sub-Saharan Africa (19%). Other regions get significantly lower shares (respectively 13 6%, 5% and 5% for Latin America and the Caribbean, Eastern Europe and Central Asia, and North Africa and the Middle East). Within sectors, optimal investment patterns vary significantly. Sub-Saharan Africa gets a large allocation for safe water (34%), exceeded only by East Asia (38%), while South Asia gets 15%. Africa's allocation for cleaner air is strikingly lower (6%), in the same range as the lowest-investment regions, while East Asia (largely China) commands 50% and South Asia 24%. The allocation for natural resource management is close to the overall allocation, with East Asia receiving 44%, South Asia 24%, Sub-Saharan Africa 15%, and the other regions much lower shares.
To illustrate the consequences of introducing project success probabilities, Table 6 .2 provides the same regional breakdown for case 1 (project success probabilities assumed to be equal across countries). Table 6 .3 shows the change in regional allocations induced by moving from case 1 to case 2. It is clear that the major result of introducing project success probabilities is a net shift from Sub-Saharan Africa to the East-Asia Pacific region. . n.a.
